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Abstract
The objective of this paper is to assess the current theoretical understanding of the extensive set of quarkonium ob-
servables (for both charmonia and bottomonia) that have been attained in ultrarelativistic heavy-ion collisions over
two orders of magnitude in center-of-mass energy. We briefly lay out and compare the currently employed theoretical
frameworks and their underlying transport coefficients, and then analyze excitation functions of quarkonium yields to
characterize the nature of the varying production mechanisms. We argue that an overall coherent picture of suppression
and regeneration mechanisms emerges which enables to deduce insights on the properties of the in-medium QCD force
from SPS via RHIC to LHC, and forms a basis for future quantitative studies.
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1. Introduction
The fundamental force between a heavy quark (Q) and its anti-quark (Q¯) in a color singlet in the QCD
vacuum is by now quantitatively established and can be represented by a potential consisting of a short-
distance Coulomb-type attraction and a long-range linear “confining” term,
VQQ¯ = −43
αs
r
+ σr . (1)
Here, αs denotes the strong coupling constant andσ the so-called string tension arising from non-perturbative
effects (e.g., gluonic condensates). The potential model has been shown to emerge as a low-energy effective
theory of QCD, it has been quantitatively confirmed by lattice QCD (lQCD), and it yields a good description
of spectroscopy for bound charmonia (Ψ = ηc, J/ψ, χc, ψ(2S ), ...) and bottomonia (Y = ηb,Υ(1S ),Υ(2S ),
...) [1] . The linear potential term turns out to be the main agent for the binding of all quarkonia except for
the ground-state Y (ηb and Υ(1S )); e.g., when switching off the string term in the potential, eq. (1), the J/ψ
binding energy (commonly defined as the energy gap to the DD¯ threshold) drops by an order of magnitude.
Based on a well-calibrated QCD force in vacuum (and the spectrum it generates), we are provided with
an opportunity to deduce its modifications in hot and dense QCD matter through studying the in-medium
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spectral properties of quarkonia. Quarkonium spectral functions in matter not only provide information on
the QQ¯ interactions, but also encode properties of open heavy flavor in medium, e.g., the heavy-flavor (HF)
diffusion coefficient or heavy-quark (HQ) susceptibilities, via suitable low-energy and momentum limits. In
this way the spectral functions provide insights into generic properties of the quark-gluon plasma (QGP)
that ultimately result from the fundamental in-medium force.
In the case of well-defined spectral peaks and mass thresholds, the quarkonium spectral functions di-
rectly reflect the masses, binding energies and reaction rates (both elastic and inelastic) of the QQ¯ bound
states. However, if a spectral peak is about to melt, and/or if the scattering rates become very large (as is
expected for a strongly coupled medium), the spectral information does not lend itself to straightforward
interpretations. Model (or effective theory) calculations become necessary to interpret and apply the infor-
mation encoded in the spectral functions to experiment. This is a challenging task, but ample information
is available from lattice-QCD, e.g., Euclidean-time and spatial correlation functions, which provide strong
model constraints to control the time-like quantities needed for phenomenology. Ideally, one would then
like to infer the medium modifications of the QCD force from the experimental data on quarkonium pro-
duction. For example, a successive melting of bound states according to their vacuum size could reveal
how the force is progressively screened as temperature increases in a given collision system by changing
collision centrality or energy. Such a “force-meter” is quite different from the notion of using quarkonia
as a thermometer. One rather infers the temperature evolution of an ultrarelativistic heavy-ion collision
(URHIC) from an independent source (e.g., hydrodynamics, photon and/or dilepton spectra), and uses that
as a reference point to understand in-medium quarkonium properties. Regeneration processes complicate
a straightforward interpretation of quarkonium production yields, but they are an inevitable consequence
of the re-emerging bound states as the fireball cools. Detailed balance dictates that the same reactions that
cause dissociation are also operative for regeneration, although the latter is additionally affected by the in-
dividual heavy-quark momentum distributions not being in thermal equilibrium. In turn, the in-medium
interactions of heavy quarks within quarkonia are key to understanding the latter’s dissociation, i.e., open
and hidden heavy flavor in QCD matter (and URHICs) are intimately connected. While enlarging the scope
of the problem, it will ultimately strengthen the mutual consistency constraints between open and hidden
HF kinetics. A sketch of the different stages of the coupled quarkonium and heavy-quark/-hadron evolution
through the fireball expansion of URHICs is shown in Fig. 1, cf. also the reviews [2, 3, 4].
In the following, we will briefly review basic theoretical ingredients to describe in-medium quarkonium
transport (Sec. 2), analyze charmonium and bottomonium excitation functions for center-of-mass collision
energies
√
sNN = 0.017 − 5.02 TeV (Sec. 3), and discuss two further examples of in-medium QCD force
strength probes (Sec. 4). We conclude in Sec. 5.
2. Theoretical Tools
In URHICs, the production of HQ pairs, QQ¯, is expected to predominantly occur in primordial NN
collisions, being little affected in the subsequent fireball evolution with temperatures well below the HQ
mass, T  mQ. In this situation, the thermal equilibrium number of a quarkonium state (Q = Ψ,Y) of mass
mQ , at temperature T is given by
NeqQ (T, γQ) = VFB dQ γQ(T )
2
∫
d3p
(2pi)3
f B(mQ,T ) , (2)
where dQ denotes the spin degeneracy of Q and f B the Bose distribution function. The HQ fugacity factor,
γQ , is adjusted to match the equilibrium number of HF particles (hadrons or quarks) in the fireball volume
VFB to the fixed number of HQ pairs, NQQ¯.
In the statistical hadronization model [5, 6, 3], the production of charmonia and bottomonia is based
on the thermal-equilibrium values of eq. (2). They are evaluated at the chemical freezeout temperature
Tch ' 160 MeV and baryon chemical potential, µchB (varying with collision energy), as determined from
successful fits to bulk-hadron production in URHICs over a wide range of collision energies. The underlying
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Fig. 1. Schematic time evolution of a correlated charm-anti-charm quark pair in an expanding fireball of ultrarelativistic heavy-ion
collisions, with timescales pertinent to charmonium transport (bottom line). The original would-be J/ψ first dissolves into c and c¯
which ultimately recombine again to emerge as a charmonium in the final state.
idea is that a thermal QGP hadronizes and then rapidly falls out of chemical equilibrium as the inelastic
reaction rates drop with a large power of the particle densities.
In a more microscopic picture, transport approaches have been pursued to simulate the evolution of
quarkonia through an expanding fireball, along the lines sketched in Fig. 1. Specifically, the semi-classical
Boltzmann equation, schematically written as
pµ∂µ fQ = −EpΓQ fQ + Epβ , (3)
describes the space-time evolution of the quarkonium distribution function, fQ , with a loss term character-
ized by the rate ΓQ and a gain term with rate β [7, 8, 9, 10]. Both rates are, in principle, based on the same
micro-physics (transition matrix elements), but β also depends on the individual HQ distribution functions.
If the latter are in thermal equilibrium, the relation between gain and loss terms can be made more explicit by
integrating the Boltzmann equation over the spatial coordinates to obtain the rate equation (in the comoving
thermal frame),
dNQ
dτ
= −ΓQ
[
NQ − NeqQ
]
, (4)
which has also been deployed frequently to URHIC phenomenology [11, 12, 13, 14, 15, 16, 17]. It shows
that a single reaction rate, ΓQ , governs both suppression and regeneration processes, driving the quarkonium
number, NQ, toward it’s equilibrium value (the gain term is only active if a quarkonium state can be supported
at given temperature). In this sense, ΓQ and N
eq
Q can be considered as transport parameters, where the latter
is the statistical-model value, eq. (2). For the quarkonium reaction rate in the QGP, two main mechanisms
have been considered: gluo-dissociation [18, 19, 20, 21], g+Q → Q+ Q¯ (also referred to a “singlet-to-octet”
mechanism) and inelastic parton scattering [22, 23, 24], p + Q → p + Q + Q¯ with p = q, q¯, g (also referred
to as “quasi-free dissociation” or “Landau damping” of the exchanged gluon between Q and Q¯). In weak
coupling the latter, although naively of higher power in αs, takes over from the former if the binding energy
is much smaller than the Debye mass, EB  mD ∼ gT . In practice, with g'2 and remnants of the confining
force surviving up to ∼ 2Tc or so, inelastic parton scattering turns out to take over already for EB ∼ T .
In Fig. 2 we compare inelastic quarkonium rates that figure in some of the transport calculations used for
phenomenology. For the J/ψ, one finds reasonable agreement between the Tsinghua [10] and TAMU [14]
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Fig. 2. Inelastic reaction rates of the J/ψ (left), Υ(1S ) (middle) and Υ(2S ) (right) in the QGP, comparing the results by the TAMU [14,
25] (maroon bands), Tsinghua [10, 9] (purple bands) and Kent-State [16] (blue lines) groups. The bands represent the indicated 3-
momentum range (where applicable) most relevant for the inclusive yields; an upward arrow indicates instantaneous suppression in the
transport implementation, while the other curves reach twice the individual heavy-quark width when the binding energy vanishes.
groups (also with Ref. [15]), although the underlying assumptions differ considerably (gluo-dissociation
with vacuum binding vs. quasi-free dissociation with in-medium binding). For the Υ(1S ) one finds a larger
spread between TAMU [25], Tsinghua [9] and Kent-State [16] groups, both in magnitude and T dependence.
For the Υ(2S ), which is strongly suppressed at the LHC [26], the TAMU and Kent-State rates agree rather
well and gradually increase with T , while in the Tsinghua approach the suppression is mostly realized
through instantaneous melting for T&260 MeV.
3. Quarkonium Excitation Functions
The standard observable for quarkonia production in URHICs is the centrality dependence of their nu-
clear modification factor, RAA(Npart) (the yield normalized to the number expected from an independent
superposition of nucleon-nucleon (NN) collisions) for a given nucleus-nucleus (AA) system at fixed energy,√
sNN. A gradually increasing suppression with centrality of up to a factor of ∼3 has been observed for
J/ψ production at SPS and RHIC energies and an even larger [somewhat smaller] one for Υ(2S ) [Υ(1S )]
at LHC energies, as a consequence of the higher temperatures reached in more central collisions. On the
contrary, the J/ψ RAA(Npart) at LHC energies quickly levels off at around 0.6-0.8 (depending on rapidity)
for Npart&100, strongly suggesting the prevalence of a new production mechanism that was not readily
identifiable at RHIC and SPS energies.
As an alternative view of the production systematics, we compile in Fig. 3 the excitation function of
the RAA(
√
sNN) for inclusive J/ψ and Υ(1S , 2S ) in central and minimum-bias (MB) AA collisions, re-
spectively, at mid-rapidity from SPS (17 GeV) via RHIC (39, 62, 200 GeV) to the maximally available
energies at the LHC (2.76 and 5.02 TeV). The NA50 [27], PHENIX [28], STAR [29, 30], ALICE [31] and
CMS [26, 32] data are compared to theoretical calculations for both Ψ and Y states in a common theoretical
framework, which solves a rate equation including suppression and regeneration with in-medium binding
energies (TAMU approach [14, 25]; similar results are obtained in the Tsinghua transport approach [9, 10]).
The excitation function of the J/ψ RAA gradually increases from about ∼0.3 at SPS to ∼0.8 at top LHC
energy, interpreted as a strong increase in regeneration, see left panel of Fig. 3. On the contrary, both the
Υ(1S ) and Υ(2S ) RAA decrease from RHIC to the LHC, see middle panel of Fig. 3. Despite their com-
parable vacuum binding energies, the Υ(2S ) RAA at the LHC is ∼5 times smaller than the one of the J/ψ!
Regeneration is the only conceivable explanation for this. To better exhibit the effects of the hot medium on
the J/ψ RAA, we “correct” the calculated values by taking out the cold-nuclear-matter (CNM) effects, i.e.,
nuclear absorption of the nascent primordial J/ψ and shadowing, see right panel of Fig. 3. It is reassuring
to find that the “primordial” component of the J/ψ RAA excitation function now shows a behavior similar
to the Υ(2S ) in the middle panel of Fig. 3 (note that the J/ψ still contains bottom feeddown, while the
Υ(2S ) contains regeneration, both at a near constant level of RAA'1). Furthermore, the hot-matter RAA of
the J/ψ reveals that its total suppression at the SPS is in large part due to CNM effects, caused by a large
nuclear-absorption cross section of σJ/ψabs '7.5 mb as extracted from NA60 measurements in pA collisions at
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Fig. 3. Excitation functions for the inclusive J/ψ (left panel), inclusive Υ(1S , 2S ) (middle panel) and J/ψ corrected for CNM effects
(right panel). Calculations for inclusive yields are compared to experimental data [27, 28, 29, 30, 31, 26, 32], including the newest
preliminary ones released at this meeting (identified by blue systematic error boxes) [42, 43, 41].
17.3 GeV [33]. In fact, almost all of the inclusive J/ψ’s hot-medium suppression is due to the (lack of)
feeddown from (suppressed) excited states (χc and ψ(2S )), implying that the J/ψ itself is actually rather
robust within the QGP formed at the SPS, where initial temperatures reach up to T0'240 MeV as extracted,
e.g., from thermal dilepton radiation [34]. The suppression of the direct J/ψ develops in the RHIC energy
regime and reaches a factor of 5 or more at the LHC. The additional source of charmonia at the LHC is
further characterized by its concentration at low momenta, pT . mJ/ψ, with a maximum of the RAA(pT )
close to zero [35], and a sizable elliptic flow [36], as expected from theory [10, 37]. The softening of the
rAA ≡ 〈p2T 〉AA/〈p2T 〉pp, introduced by the Tsinghua group [38], from ∼1.5 at SPS [39] via ∼1 at RHIC [28]
to ∼0.5 at LHC [40] quantifies the transition from primordial production with Cronin effect to regeneration
from a near-thermal source, respectively. These observations not only prove the presence of regeneration
processes, but imply vigorous reinteractions of charm and charmonia in the QGP, with large interaction rates
and pT spectra approaching thermalization, necessitating a strong coupling to the bulk medium.
Within the same theoretical framework, the observed suppression pattern in the bottomonium excitation
functions (from RHIC to LHC), ordered by their binding energies, can be approximately explained. For
the regeneration part, the question is not so much whether it exists but rather how significant it is. Current
calculations suggest that it contributes at a level of ∼0.1 in the RAA for both Υ(1S ) and Υ(2S ). In MB Pb-Pb
collisions at the LHC, this amounts to a ∼25% portion for the Υ(1S ) and more than 50% for the Υ(2S ),
which is appreciable. The Y regeneration components are rather constant with centrality, and also persist
down to RHIC energies (although less significantly); the main reason for this small variation is that bottom
production is essentially in the canonical limit at both machines, i.e., no more that one bb¯ pair per unit of
rapidity is produced in an AA collision. The TAMU calculations [25] shown in the middle panel of Fig. 3
tend to overestimate the Υ(2S ) yields at the LHC, possibly due to an overestimate of the regeneration part.
Similar to the case of the J/ψ , pT spectra can prove valuable to disentangle primordial from regenerated
bottomonia, although the less thermalized b-quark spectra entail harder regenerated Y spectra, which render
a discrimination from the primordial spectra more challenging. The newest Υ(1S ) pT -spectra released
at this meeting [41] do indicate an intriguing structure for pT . mΥ(1S ), in line with theory predictions
for a regeneration component [25]. An impressive number of new data points first released during this
meeting [42, 43, 41] have also been included in Fig. 3; they largely confirm the trends in the calculations.
Let us now come back to the original objective of converting the quarkonium phenomenology in URHICs
into information on the in-medium QCD force. Based on the above discussion, we infer that
• Remnants of the confining force survive at the SPS [holding the J/ψ together, but melting the ψ(2S )]
• The confining force is screened at RHIC and the LHC [melting the J/ψ and Υ(2S )]
• The color-Coulomb force is screened at the LHC [strongly suppressing the Υ(1S )]
• Thermalizing charm quarks recombine at the LHC [generating large J/ψ yields].
These interpretations lead to the following hierarchy:
Tmelt[ψ(2S )] < T SPS0 < Tmelt[J/ψ,Υ(2S )] . TRHIC0 < Tmelt[Υ(1S )] . TLHC0 . (5)
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Fig. 4. Heavy-flavor force strength probes of the QGP. Left panel: schematic conversion of the quarkonium suppression pattern in
URHICs to the screening of the QCD potential in medium at initial temperatures realized in central Pb-Pb/Au-Au collisions at the
SPS, RHIC and the LHC. Middle panel: Dependence of the J/ψ equilibrium number on reduced time in units of the HQ relaxation
time (figure adapted from Ref. [49]). Right panel: compilation of calculations for the spatial charm-quark diffusion coefficient (figure
adapted from Ref. [50]).
Extracting the initial temperatures from suitable bulk observables, e.g., T SPS0 '240 MeV, TRHIC0 '350 MeV,
TLHC0 '550 MeV, and estimating pertinent screening radii as RvacJ/ψ < rscr[SPS]'0.7 fm < Rvacψ(2S ), RvacΥ(1S ) <
rscr[RHIC]'0.5 fm . RvacJ/ψ, and rscr[LHC]'0.25 fm. RvacΥ(1S), we can relate them to medium effects on the
QCD force as illustrated in the left panel of Fig. 4. At the same time, due to a large open-charm abundance
at the LHC, the re-emerging confining force in the later QGP phases inevitably regenerates charmonia.
In the above arguments, we also included the melting of the ψ(2S ) at the SPS, based on a factor of up
to ∼6 suppression in central Pb-Pb(17.3 GeV) collisions [44]. Interestingly, the ψ(2S ) was also found to be
appreciably suppressed in d-Au(0.2 TeV) [45] and p-Pb(5.02 TeV) [46] collisions, well beyond expectations
from CNM effects [47]. The comover interaction model is able to explain this suppression (and the much
smaller one for the J/ψ) with effective interaction cross section, σΨco, extracted from reproducing SPS Pb-Pb
data. Converting these cross sections into dissociation widths, ΓΨ = σΨconcovrel, yields average values of 50-
100 MeV for the ψ(2S ) and below 20 MeV for the J/ψ in dAu/pPb collisions. These are quite comparable
to the thermal widths discussed above, and, indeed, the suppression in small systems can also be understood
in a thermal-fireball framework [48]. The reaction rates from the comover and thermal approaches thus
support the formation of a “medium” of duration 2-3 fm in dAu/pPb collisions. The stronger medium-
induced suppression of the ψ(2S ) relative to the J/ψ has important consequences for URHICs. If the ψ(2S )
reaction rate is indeed active until lower temperatures than for the J/ψ, then ψ(2S ) regeneration should
also operate at lower temperatures [48]. This could lead to interesting effects in the ψ(2S ) pT spectra, due
to a stronger collective flow imparted on the recombining charm quarks in the later stages of the medium
expansion.
4. Force Strength Probes
The overall picture of quarkonium production in URHICs as outlined above generally supports a strong
coupling of QQ¯ bound states in medium, combining strong binding and vigorous chemistry (reaction rates).
Here we would like to discuss two additional, more specific aspects which relate to this picture.
The first is the impact of HQ thermalization on quarkonium regeneration. The primordially produced
charm- and bottom-quark pT -spectra from binary NN collisions are significantly harder than thermal spec-
tra and thus provide unfavorable phase-space overlap for the formation of quarkonium bound states. The
pertinent reduction in the J/ψ regeneration rate has been studied in Ref. [49] by evolving initial c-quark
spectra at RHIC and the LHC toward their equilibrium value in a heat bath at fixed temperature, cf. middle
panel in Fig. 4. The timescale of this evolution is given by the c-quark relaxation time, τc. The approach
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toward equilibrium is essentially universal, i.e., only depends on the “reduced” time, t/τc, and not on tem-
perature or initial conditions, and follows a relaxation time approximation, R(t) ' 1 − exp(−t/τc). This
factor has been introduced, e.g., into the TAMU transport approach, via multiplication of the equilibrium
limit in eq. (4) [12] (also included in the calculations of Fig. 3). To regenerate sufficient charmonia at the
LHC, one needs a time duration of at least τQGP ' 1-2 τc for charm quarks to reinteract with the medium,
implying τc . 5 fm or so. This directly relates to the force strength of the medium on slow-moving heavy
quarks, typically quantified by the HQ spatial diffusion coefficient, Ds = τQ TmQ . For charm quarks of mass
mc=1.5 GeV (which could be larger close to Tc) and for a temperature range of T=0.2-0.3 GeV, the above
constraint on the relaxation time translates into Ds(2piT ) . 4-9, fully compatible with current theoretical
calculations with strong coupling and pertinent extractions from open HF phenomenology in URHICs (see
Fig. 4 right and Ref. [50] for a recent review).
The second example for a potentially direct force strength probe is the Υ(1S ). To bracket the medium
effects on its binding energy, several groups have calculated and compared results for the free (FQQ¯) vs.
internal (UQQ¯) HQ free energies as computed in lattice-QCD, as underlying potential. The two quantities
differ by an entropy term, FQQ¯(r;T ) = UQQ¯−TS QQ¯, which is operative in the adiabatic (slow) limit (leading
to F) but absent in the short-time limit (leading to U). The former (latter) may thus be considered as a
lower (upper) limit for the potential strength. In Refs. [16, 51], the use of the FQQ¯ was found to produce
a suppression of the Υ(1S ) down to RAA'0.1 in central Pb-Pb(2.76 TeV), significantly below the CMS
data [26]. On the other hand, with UQQ¯ as potential much better agreement is found. At RHIC energies,
this sensitivity is reduced as even the free energy provides significant binding for temperatures T≤300 MeV.
Interestingly, the UQQ¯ potential is also much preferred in the phenomenology of open HF in URHICs [50]
(recall Fig. 4 right) and the related question of J/ψ regeneration discussed above.
5. Conclusions
The large amount of high-quality data emerging from systematic quarkonia measurements in URHICs
is creating a formidable challenge, but also a great opportunity, for unraveling the mechanisms for their
production. Theoretical descriptions using transport models for the space-time evolution of quarkonium
phase-space distributions turn out to provide a rather robust tool, with appreciable predictive power, to
capture the main features of the measured J/ψ, Υ(1S ) and Υ(2S ) production systematics, not only as a
function of centrality and transverse momentum, but also their excitation functions, now spanning a factor
of ∼300 in center-of-mass collision energies. We argued that this allows to disentangle suppression and
regeneration mechanisms for the J/ψ, yet to describe the gradually increasing suppression of the Y states
(where the role of regeneration remains to be scrutinized). We indicated how this information can be used
to determine quarkonium transport parameters and infer properties of the in-medium QCD force at the
different temperatures realized at the SPS, RHIC and the LHC. There is an encouraging degree of agreement
between transport models on the J/ψ reaction rate, while the spread in the Y rates requires further study.
We emphasized the intimate connection of in-medium quarkonia to the open HF sector, in particular the HF
diffusion coefficient. The latter directly reflects the coupling strength of individual low-momentum heavy
quarks to the medium, and as such bears on their “quasi-free” reaction rates within a bound state, as well as
on the effectiveness of quarkonium regeneration (through their thermal relaxation).
Future efforts aimed at improving the theoretical precision of the transport framework need to tighten the
connections to the open HF sector (e.g., by implementing the explicit space-time dependence of HQ distribu-
tions in the QGP), address the impact of quantum effects in the evolving quarkonium chemistry [52, 53, 54]
and further develop the treatment of non-perturbative interactions near Tc that likely play a critical role in
understanding open HF observables. This might lead to larger quarkonium reaction rates than currently
employed in transport models, implying a faster approach toward chemical equilibrium of the quarkonium
yields, and thus coming closer to the equilibrium limit of the statistical model (as another transport param-
eter). It has also become clear (not discussed here) that measurements of the open-charm (-bottom) cross
sections have to reach a 10% precision level, to control predictions for regeneration yields at the 20(10)%
level. Work in all these directions is well underway, providing promising perspectives for the future.
8 / Nuclear Physics A 00 (2018) 1–8
Acknowledgements
We thank A. Andronic, B. Chen, E. Ferreiro, Y. Liu, T. Song, M. Strickland and P. Zhuang for their help
and discussions in preparing this presentation. This work has been supported by U.S National Science
Foundation under grant no. PHY-1614484.
References
[1] N. Brambilla et al., Eur. Phys. J. C 71 (2011) 1534.
[2] R. Rapp, D. Blaschke and P. Crochet, Prog. Part. Nucl. Phys. 65 (2010) 209.
[3] P. Braun-Munzinger and J. Stachel, Landolt-Bo¨rnstein 23 (2010) 424 [arXiv:0901.2500 [nucl-th]].
[4] L. Kluberg and H. Satz, Landolt-Bo¨rnstein 23 (2010) 372 [arXiv:0901.3831 [hep-ph]].
[5] M. Gazdzicki and M. I. Gorenstein, Phys. Rev. Lett. 83 (1999) 4009.
[6] A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel, Nucl. Phys. A 789 (2007) 334.
[7] C. Spieles, R. Vogt, L. Gerland, S. A. Bass, M. Bleicher, H. Stoecker and W. Greiner, Phys. Rev. C 60 (1999) 054901.
[8] O. Linnyk, E. L. Bratkovskaya, W. Cassing and H. Stoecker, Nucl. Phys. A 786 (2007) 183.
[9] Y. Liu, B. Chen, N. Xu and P. Zhuang, Phys. Lett. B 697 (2011) 32.
[10] K. Zhou, N. Xu, Z. Xu and P. Zhuang, Phys. Rev. C 89 (2014) 054911.
[11] R. L. Thews, M. Schroedter and J. Rafelski, Phys. Rev. C 63 (2001) 054905.
[12] L. Grandchamp, R. Rapp and G. E. Brown, Phys. Rev. Lett. 92 (2004) 212301.
[13] A. K. Chaudhuri, Eur. Phys. J. C 61 (2009) 331.
[14] X. Zhao and R. Rapp, Nucl. Phys. A 859 (2011) 114.
[15] T. Song, K. C. Han and C. M. Ko, Phys. Rev. C 84 (2011) 034907.
[16] M. Strickland and D. Bazow, Nucl. Phys. A 879 (2012) 25.
[17] E. G. Ferreiro, Phys. Lett. B 731 (2014) 57.
[18] G. Bhanot and M. E. Peskin, Nucl. Phys. B 156 (1979) 391.
[19] D. Kharzeev and H. Satz, Phys. Lett. B 334 (1994) 155.
[20] N. Brambilla, J. Ghiglieri, A. Vairo and P. Petreczky, Phys. Rev. D 78 (2008) 014017.
[21] Y. Liu, C. M. Ko and T. Song, Phys. Rev. C 88 (2013) 064902.
[22] L. Grandchamp and R. Rapp, Phys. Lett. B 523 (2001) 60.
[23] M. Laine, O. Philipsen, P. Romatschke and M. Tassler, JHEP 0703 (2007) 054.
[24] Y. Park, K. I. Kim, T. Song, S. H. Lee and C. Y. Wong, Phys. Rev. C 76 (2007) 044907.
[25] X. Du, M. He and R. Rapp, arXiv:1704.04838 [hep-ph]; and in preparation (2017).
[26] S. Chatrchyan et al. [CMS Collaboration], Phys. Rev. Lett. 109 (2012) 222301.
[27] B. Alessandro et al. [NA50 Collaboration], Eur. Phys. J. C 39 (2005) 335.
[28] A. Adare et al. [PHENIX Collaboration], Phys. Rev. Lett. 98 (2007) 232301.
[29] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 90 (2014) 024906.
[30] L. Adamczyk et al. [STAR Collaboration], arXiv:1607.07517 [hep-ex].
[31] B. B. Abelev et al. [ALICE Collaboration], Phys. Lett. B 734 (2014) 314.
[32] V. Khachatryan et al. [CMS Collaboration], arXiv:1611.01510 [nucl-ex].
[33] R. Arnaldi et al. [NA60 Collaboration], Phys. Lett. B 706 (2012) 263.
[34] R. Rapp and H. van Hees, Phys. Lett. B 753 (2016) 586.
[35] J. Adam et al. [ALICE Collaboration], JHEP 1605 (2016) 179.
[36] E. Abbas et al. [ALICE Collaboration], Phys. Rev. Lett. 111 (2013) 162301.
[37] X. Zhao, A. Emerick and R. Rapp, Nucl. Phys. A 904-905 (2013) 611C.
[38] K. Zhou, N. Xu and P. Zhuang, Nucl. Phys. A 834 (2010) 249C.
[39] M. C. Abreu et al. [NA50 Collaboration], Phys. Lett. B 499 (2001) 85.
[40] J. Adam et al. [ALICE Collaboration], JHEP 1507 (2015) 051.
[41] C. Flores et al. [CMS Collaboration], these proceedings (2017).
[42] R.T. Jimenez Bustamante et al. [ALICE Collaboration], these proceedings (2017).
[43] Z. Ye et al. [STAR Collaboration], these proceedings (2017).
[44] B. Alessandro et al. [NA50 Collaboration], Eur. Phys. J. C 49 (2007) 559.
[45] A. Adare et al. [PHENIX Collaboration], Phys. Rev. Lett. 111 (2013) 202301.
[46] J. Adam et al. [ALICE Collaboration], JHEP 1606 (2016) 050.
[47] E. G. Ferreiro, Phys. Lett. B 749 (2015) 98.
[48] X. Du and R. Rapp, Nucl. Phys. A 943 (2015) 147.
[49] T. Song, K. C. Han and C. M. Ko, Phys. Rev. C 85 (2012) 054905.
[50] F. Prino and R. Rapp, J. Phys. G 43 (2016) 093002.
[51] A. Emerick, X. Zhao and R. Rapp, Eur. Phys. J. A 48 (2012) 72.
[52] J. P. Blaizot, D. De Boni, P. Faccioli and G. Garberoglio, Nucl. Phys. A 946 (2016) 49.
[53] B. P. Gossiaux and R. Katz, J. Phys. Conf. Ser. 779 (2017) 012041.
[54] N. Brambilla, M. A. Escobedo, J. Soto and A. Vairo, arXiv:1612.07248 [hep-ph].
